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Four elements of materials and strong interrelationship 
among them define a field of Materials Science and 
Engineering.  Materials Science and Engineering rooted in 
the classical description of physics and chemistry
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Final materials must perform 
a given task  in an economical 
and societally acceptable manner
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related to composition and 
structure

result of synthesis and processing

Material Science and Engineering (MSE)



Material Selection

1. Pick Application and Determine required Properties
Properties: mechanical, electrical, thermal, magnetic, optical

2. Properties : Identify candidate Material(s)
Material: structure, composition

3. Material : Identify required Processing
Processing: changes structure and overall shape
ex: casting, sintering, vapor deposition, forming, joining, 



Periodic Table

Atomic number increases
Atomic radius decreases
Ionization energy increases

A
tom

ic num
ber increases

A
tom

ic radius increases
Ionization energy decreases



Primary Bonds

• Bonding with other atoms, the potential energy of each bonding 
atom is lowered resulting in a more stable state.

• Three  primary bonding combinations : 1) metal-nonmetal, 2) 
nonmetal-nonmetal, and 3) metal-metal.

• Ionic bonds :- Strong atomic bonds due to transfer of electrons
• Covalent bonds :- Large interactive force due to sharing of 

electrons
• Metallic bonds :- Non-directional bonds formed by sharing of 

electrons
• Permanent Dipole bonds :- Weak intermolecular bonds due to 

attraction between the ends of permanent dipoles.
• Fluctuating Dipole bonds :- Very weak electric dipole bonds 

due to asymmetric distribution of electron densities.



Intermolecular Forces and Potentials

	 E/ r



7 Crystal Systems

The lattice parameters a, b, and c are unit cell edge lengths. 
The lattice parameters α, β, and γ are angles between adjacent unit-cell axes, where α is the 
angle viewed along the a axis (i.e., the angle between the b and c axes). The inequality 
sign(≠) means that equality is not required. 



14 Bravais Lattices



Atom Positions in Cubic Unit Cells



Directions in Cubic Unit Cells



Miller Index

- Miller indices are used to specify directions and planes in 

lattices or in crystals.

- The number of indices will match with the dimension of the 

lattice or the crystal.

z

x

y

Miller Indices =(111)



Solidification of Metals



Energies Involved in Homogeneous Nucleation

Is the transition from undercooled liquid to a solid spherical 
particle in the liquid a spontaneous one?
That is, is the Gibbs free energy decreases?
The formation of a solid nucleus leads to a Gibbs free energy 

change of ΔG



Energies Involved in Homogeneous Nucleation

The formation of a solid nucleus leads to a Gibbs free energy 

change of ΔG



Energies involved in homogenous nucleation



Total Free Energy

• Total free energy is given by

Nucleus

Above critical
radius r*

Below critical
radius r*

Energy 
lowered by
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crystals
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Lowered by
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Heterogeneous Nucleation

Heterogeneous nucleation occurs much more often than homogeneous 

nucleation. Heterogeneous nucleation applies to the phase transformation 

between any two phases of gas, liquid, or solid, typically for example, 

condensation of gas/vapor, solidification from liquid, bubble formation from 

liquid, etc.

Heterogeneous nucleation forms at preferential sites such as phase boundaries, 

surfaces (of container, bottles, etc.) or impurities like dust. At such preferential 

sites, the effective surface energy is lower, thus diminishes the free energy 

barrier and facilitating nucleation.



Defects in crystalline solids 

1). Point Defect 
①. Impurity : In an alloy some unwanted elements may be existed.
②.  Vacancy : Missing atom from the lattice point. 

2). Line Defect
Dislocation : Edge, screw and mixed dislocations

3). Planar Defect 
①. Grain boundary
②. Twin boundary 
③. Anti-phase domain boundary

4). Volumetric Defect
Void, Cracks, Shrinkage, inclusion,  etc.  



Point Defects 

Two common point defects in metal or elemental semiconductor structures are the 

vacancy and the interstitial.



Edge Dislocation 

• Created by insertion of extra half planes of atoms. 

• Positive edge dislocation

• Negative edge dislocation  

• Burgers vector
Shows displa-
cement of 
atoms (slip).

Burgers vector

Burger’s vector is perpendicular to the edge 
dislocation line and same as the moving direction.



Grain Boundaries

This is termed a tilt boundary 
because it is formed when two 
adjacent crystalline grains are 
tilted relative to each other by a 
few degrees (θ). The resulting 
structure is equivalent to isolated 
edge dislocations separated by 
the distance b/θ, where b is the 
length of the Burgers vector, b. 

Tilt angle Tilt ledge



Stress and Strain in Metals

Elastic deformation: Metal returns to its original dimension after 
tensile force is removed.

Plastic deformation: Metal is deformed to such an extent such that it
cannot return to its original dimension 



Slip Mechanism



Slip Mechanism



Tensile test



Mechanical Properties



Mechanical Properties



Mechanical Properties



Toughness



Ionic and Covalent Bonding in Simple Ceramics

Mixture of Ionic and Covalent Types.
Depends on electronegativity difference.



Ceramic Crystal Structures

Oxide structures

- Oxygen anions (–ve ions) larger than metal cations (+ve ions)

- Close packed oxygen in a lattice (usually FCC)

- Cations fit into interstitial sites among oxygen ions



Factors that Determine Crystal Structure

1. Relative sizes of ions – Formation of stable structures:

--maximize the # of oppositely charged ion neighbors.

2. Maintenance of 

Charge Neutrality :

--Net charge in ceramic 

should be zero.

--Reflected in chemical 

formula:

CaF2: Ca 2+

cation

F -

F -

anions+



Simple Ionic Arrangements

Packing of Ions depends upon  Relative size of ions.

Need to balance electron charges. 

If the anion does not touch the cation, 

then the arrangement is unstable.

Radius ratio = rcation/ranion

Critical radius ratio for stability for 

coordination numbers 8, 6 and 3 

are > 0.732, > 0.414 and > 0.155, respectively. 

Unstable

Stable



Coordination # and Ionic Radii

•  Coordination # increases with

Adapted from Table 12.2, 
Callister & Rethwisch 8e.

2 

rcation
ranion

Coord 
#

< 0.155 

0.155 - 0.225 

0.225 - 0.414

0.414 - 0.732 

0.732 - 1.0

3 

4

6

8

linear

triangular

tetrahedral

octahedral

cubic

Adapted from Fig. 12.2, 
Callister & Rethwisch 8e.

Adapted from Fig. 12.3, 
Callister & Rethwisch 8e.

Adapted from Fig. 12.4, 
Callister & Rethwisch 8e.

ZnS 
(zinc blende)

NaCl
(sodium 
chloride)

CsCl
(cesium 
chloride)

To form a stable structure, how many anions can surround around a cation?

r cation
r anion



Coordination # and Ionic Radii

•  Coordination # increases with
r cation
r anion

ZnS 
(zinc blende)

NaCl
(sodium 
chloride)

CsCl
(cesium 
chloride)



Coordination # and Ionic Radii

•  Coordination # increases with
r cation
r anion

ZnS 
(zinc blende)

NaCl
(sodium 
chloride)

CsCl
(cesium 
chloride)



Composites

• Combination of two or more individual materials
• A composite material is a material system, a mixture or combination 

of two or more micro or macroconstituents that differ in form and 
composition and do not form a solution.

• Multiphase materials with chemically different phases and
distinct interfaces

• Design goal: obtain a more desirable combination of properties 
(principle of combined action)
e.g., High-strength/light-weight, low cost, environmentally resistant

• Properties of composite materials can be superior to its individual 
components.

• Examples: Fiber reinforced plastics, concrete, asphalt, wood etc.



Composite Characteristics

• Matrix:
– softer, more flexible and continuous part that surrounds the other phase.
– transfer stress to other phases
– protect phases from environment

• Reinforcement (dispersed phase):
– stiffer, high strength part (particles or fibers are the most common).
– enhances matrix properties

matrix: 
ferrite (a)
(ductile)

particles: 
cementite
(Fe

3
C) 

(brittle)
60 mm

Spheroidite steel 



Composite Characteristics

Simple stress–strain plots for a composite and its fiber and matrix components. 
The slope of each plot gives the modulus of elasticity. 



Composite 

Depends on:
- properties of the matrix material.
- properties of reinforcement material.
- ratio of matrix to reinforcement. 
- matrix-reinforcement bonding/adhesion.
- mode of fabrication.



Classification of Composites

Reinforcement-based



Matrix of Composites

Fiber-Matrix Interface
1. Molecular entanglement (interdiffusion):
• Entanglement of molecules at the interface.
• Especially important in fibers that are precoated

with polymers.
• Molecular conformation/structural and

chemical aspects.

2. Electrostatic attraction
• Depends on surface charge density.
• e.g. glass fibers, polymers with chargeable groups.

3. Covalent bonding
• Usually the strongest fiber matrix fiber-interaction.
• The most important in many composites.

4. Mechanical adhesion
• Interlocking of 2 rough surfaces
• e.g. thermosetting resins



Particle-Reinforced Composites

Particle-reinforced Fiber-reinforced Structural
•  Elastic modulus, Ec, of composites:

-- two “rule of mixture” extremes:

•  Application to other properties:
-- Electrical conductivity, e:  Replace E’s in equations with e’s.
-- Thermal conductivity, k:  Replace E’s in equations with k’s.

lower limit:
1

Ec
= Vm

Em
+

Vp
Ep

upper limit: c m mE = V E + VpEp

Data: 
Cu matrix 
w/tungsten 
particles



Fiber-Reinforced Composites

Particle-reinforced Fiber-reinforced Structural
Fiber Phase
– Smaller diameter fiber is stronger than bulk in most materials

Whiskers
– very thin single crystals that have extremely large aspect ratios.
– high degree of crystallinity and virtually flaw free – exceptionally high strength.
– usually extremely expensive.
– some whisker materials: graphite, SiC, silicon nitride, aluminum oxide.
Fibers
– polycrystalline or amorphous.
– typically: polymers or ceramics (polymer aramids, glass, carbon, boron, SiC…
Fine Wires
– relatively large diameter, often metal wires.
– e.g. steel, molybdenum, 



Fiber-Reinforced Composites

Isostrain Conditions



Fiber-Reinforced Composites



Fiber-Reinforced Composites



Fiber-Reinforced Composites



Fiber-Reinforced Composites



Fiber-Reinforced Composites



Fiber-Reinforced Composites



Fiber-Reinforced Composites


